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Analysis of the spray field development on a vertical surface during water spray-quenching using a flat spray nozzle 
INTRODUCTION
Thermomechanical processing is often used to alter the mechanical and microstructural properties of components with the aim of increasing strength and introducing favourable residual stress fields [1] [2] [3] [4] [5] . Spray quenching could be used to achieve this.
The purpose of this paper is to discuss the flow field development of a flat spray impinging on a vertical surface. The study involved two main sets of experiments that provided useful information about the wetting behaviour of a spray when cooling high temperature surfaces: in this paper high temperature refers to temperatures greater than the Leidenfrost temperature of the spray. It is the impression of the author that this research has not yet been done for spray cooling systems although similar studies have been performed for jet impingement cooling operations [6] [7] [8] [9] . The first of the two sets of experiments involved spraying vertically oriented HS30 T6 aluminium alloy plates with pressurised water using a flat spray nozzle after heating the plates to approximately 500 °C. Infrared thermographs were collected of the plates during quenching. This experimental set-up is shown in Figure 1 .
[ Figure 1 here]
The spatio-temporal variations of heat flux and heat transfer coefficient were analysed by solving the three dimensional Fourier heat conduction equations. This was done with an inverse, backward-difference, optimisation scheme by applying the data from the thermographs as von Neumann boundary conditions to the optimisation model. The term "inverse" in this context refers to the calculation of heat flux boundary conditions by evaluating known sets of temperature gradients to solve the heat flux, as opposed to the forward calculation that computes temperature. The term "optimisation" refers to computing the most likely spatial distribution of heat flux iteratively such that the requirements of thermal equilibrium of the system are satisfied. The optimisation scheme was specifically designed to compute the spatio-temporal distribution of heat flux from the experimentally measured thermographs. It was specifically design for this task because optimisation had to be done at each element in a grid of approximately 10000 elements corresponding to the pixels (unique data points) in the thermographs. The optimisation was done by iterating between possible solutions of the heat transfer coefficient that might result in the temperature change measured at that location.
The complexity of the problem is somewhat convolved in that the solution is not unique. Each incremental change of heat transfer coefficient, , i j h , at each location i,j in the grid affects the calculated spatial temperature distribution, therefore affecting the heat transfer coefficient calculation at all the other grid points. The optimisation scheme is illustrated in Figure 2 .
[ Figure 2 here]
The figure shows a series of six possible criteria that may occur at a node by assuming small changes in heat transfer coefficient results in a linear response of the temperature described by some function ( ) This strategy allowed computing the spatial and temporal variation in heat flux and heat transfer coefficient.
In addition to this, parameters such as the spatial distribution of the point of minimum heat flux, Leidenfrost temperature, and first boiling crisis can be established. Studying these salient values of the boiling curve in space makes it possible to comment on the flow behaviour of the spray on the heated, vertically oriented, aluminium surfaces.
The spatial, and indeed the temperature dependence of the quench front is of particular interest in research focused on thermo-mechanical interactions during quench operations because of the large thermal gradients are produced upon wetting. The importance of understanding the development of thermal gradients resulting in thermal stresses is measured in that thermal stresses, in combination with temperature dependent thermal and mechanical properties, can introduce stresses exceeding the yield limit of the material, resulting in plastic flow and distortion, or cracking [10, 11] . Localised plasticity might induce significant residual stress and strain fields that can limit the useful life of quenched components or result in significant dimensional changes [12, 13] .
Further experimentation was carried out aiming at visualising the movement of the quench front over a heated surface with the purpose of validating the numerically predicted behaviour of the quench front. In these experiments, a quartz sheet with the same dimensions as the aluminium alloy HS30 sheets was heated to 500°C and cooled as described previously. During these experiments the flow field development of the spray on the heated surface was studied by capturing images of the process at rates up to 3000 Hz. In addition to tracking the movement of the quench front, these experiments provided useful information about the bubbling behaviour on the surface, and other heat transfer mechanisms. The experimental set-up of these experiments was exactly as that illustrated in Figure 1 except that the thermal imager was replaced with a high speed camera.
In all these experiments the heated surface can be considered large and the spray coarse. It is anticipated that this research will provide useful information concerning the flow field development of spray on heated surfaces.
EXPERIMENTAL PROCEDURES AND DATA ANALYSIS
In all of the above-mentioned experiments the JAQ1153, supplied by PNR UK Ltd, 60° flat spray nozzle was used. Figure 3 shows the spray characteristics of the nozzle. Figure 3a shows the total flow rate as a function of operating pressure as measured during experimentation. Figure 3b shows the velocity distribution along the long axis of the spray measured by Phase Doppler Anemometry (PDA) and Figure 3c the droplet size distribution along the long axis of the spray field measured using the same technique.
A patternator was used to study the spatial spray flux distribution at the same distance from the nozzle (200 mm) as for the aluminium alloy and quartz sheets during the quench experiments. The local spray flux results from the patternator were analysed and interpreted to compute the actual spray flux field by using a non-linear variational procedure and assuming a Gaussian spatial variation of spray flux field.
The Gaussian distribution of spray flux may be written as a function of two dimensional real space as in Eq. 
By considering the experimentally measured total flux constraints given in Figure 3a , the parameters in Eq.
(1) are optimised to determine the flux field of the nozzle by choosing a minimising function in the form 
The right hand side of Eq. (2) is the set of gradient functions of Eq. As will become clear later, the experimental data seems to suggest a very strong correlation between heat transfer and spray flux.
[ Figure 4 here ]
Determination of Spatio-Temporal Spray Heat Flux
These experiments consisted of heating 100-mm by 100-mm by 3-mm thick aluminium alloy HS30 T6 plates well into the film boiling regime of water at 1 atm and then spray cooling them with 80K subcooled water using a 60° flat spray nozzle (JAQ1153). During spraying an Agema 900 thermal imager was placed at the opposite side of the plate, which was painted with a high temperature black matt paint, to record the transient temperature distribution of the surface of the plate during the quench. The Agema system is cryogenically cooled and has a working temperature range of -30 to +1500 °C with a sensitivity of 0.08 °C at +30 °C. Out of the three possible temperature measurement ranges, the second was chosen which allowed accurate Calibration of the camera was done by heating similar plates to above 500 °C however, during these experiments, a number of K-type thermocouples were embedded into the plates from which the transient temperature behaviour of the plates were recorded simultaneously. Exact time discrimination of the thermal images and thermocouple measurements were ensured by using a light diode trigger which triggered data logging of both devices simultaneously as spraying initiated. As part of the calibration procedure the emissivity of the black matt paint was calculated by doing an energy balance of the radiation flux exchange between the environment, thermal imager and heated aluminium plates.
Initiation of critical heat flux (CHF) regime at the geometrical centre of the spray during the transient quench experiments was ensured by containing the spray to an 80-mm by 80-mm area on the plate. This was done to avoid edge effects due to droplet stagnation inevitably resulting in the initiation of the critical heat flux at these locations, consequentially producing unreliable heat transfer distribution data.
Thermographic data handling. Following the quenching of the aluminium sheets, full-view thermographs were cropped to plate edge. A surface plot of a typical spatial temperature data set (thermograph) is shown in 
from which the least squares spline fit is obtained.
A typical fit produced by choosing the objective function Eq. (4) and seeking the solution of the system in Eq.
(5) is illustrated in Figure 5b , showing satisfactory correlation between the fit and the original data.
The transient quench experiments were analysed by applying the temporally smoothed temperature data as von Neumann boundary conditions to an inverse heat flux calculation. The output to the analysis is the heat transfer coefficient at each spatial discretization which can be plotted as a data point in space together with that of the rest of the domain to produce a 2D representation of the heat transfer coefficient and heat flux experienced on the surface [17] .
[ Figure 5 here] Figure 6a to Figure 6d illustrate the computed time-resolved development of the heat transfer coefficient on the surface of an aluminium specimen cooled with a water spray operating under 5 bar pressure and the same fluid conditions as specified previously. Figure 6a illustrates the film boiling heat transfer coefficient. This heat transfer coefficient distribution is seen to be reasonably constant over the entire surface of the specimen and considerably smaller in magnitude as compared to that reached in Figure 6b to Figure 6d . Figure 6b illustrates the situation when critical heat flux is initiated on the surface of the plate. The location of the maximum shown in this figure corresponds to the geometrical centre of the nozzle where the greatest spray flux exists. The movement of the CHF towards the edge of the specimen is visible in Figure 6c and Figure 6d .
The movement of the CHF occurs as the temperature in the centre of the specimen cools below T CHF and then further below the boiling incipience temperature.
[ Figure 6 here ]
High Speed Imaging of Spray Field
A quartz (fused SiO 2 ) plate was manufactured to the same dimensions as the aluminium specimen. The plate was heated to about 500 °C and then sprayed with water under the same conditions as that used in the previous experiments. A high speed camera was placed at the opposite side of the plate with respect to the nozzle and recorded the flow field development on the surface of the quartz as it cooled to room temperature during the spray quenching.
The Phantom 7.2 high-speed camera was used for image collection. The camera allowed manipulation of image resolution and data collection frequency. Due to the very short exposure time of the imaging chips, Dedocol spot lights were used (approximate strength of 731000 lx) and strategically placed to reduce any potential temperature interference through radiation with the quartz specimen.
The aperture of the camera was closed to provide a large depth of field to enable capturing the behaviour of the flow field on and away from the surface. A frame rate of 3000 fps was chosen for the experiments analysed in this paper. As in the aluminium alloy quench experiment, the spray was contained to an 80 mm by 80 mm inner section of the total quartz surface area to suppress edge effects.
Observations made during high speed data capturing. A number of observations made significant to the numerical analyses of the temporal heat transfer coefficient development can be pointed out here. The first is the verification the film boiling regime during which droplets makes partial contact with the heated surface. In this boiling regime, droplets as seen to bounce off the surface, as wetting is not established. Following this is the initiation of surface wetting at the centre of the specimen (corresponding to the centre of the nozzle) and the movement of the quench front (and hence CHF front) towards the edges of the specimen. This is in accordance to previous speculation made by the authors of Ref. [18] in which exactly this type of CHF development was discussed. Initial fluid solid contact is observed to cause complete evaporation of droplets in the location of the geometrical centre of the spray producing considerable amounts of steam.
Once the centre of the quartz plate is cooled sufficiently, the quench front moves radially outwards towards the edges of the plate in the form of unstructured, 'concentric' sections, until the outer edges of the spray containment or spray flux field are reached. When this happens the movement of the quench front is slowed down until enough water collects in the pool on the surface, which then forces the water further towards the edge of the plate.
During the expansion of the quench front intense vorticial motion is induced in the wetted region of the plate by the combined interaction of droplets, now contacting the surface which is below the Leidenfrost temperature, and fluid and bubble flow as the pool of water is forced radially outward. It is observed that main mechanism of heat transfer due to bubbling in the wetted area is due to secondary bubbles formed upon droplet impact. Primary bubbling, i.e. as would be observed at boiling incipience under pool boiling conditions was not found to be prominent at all. It is speculated that the intense vorticial motion in the pool reduces bubble growth times, as bigger secondary bubbles move over the quartz surface and coalesce with primary ones. It was found that, if not punctured on route, secondary bubbles ended up at the quench front.
This could result in local dry out which could have an effect on the oscillatory motion of the quench front, often observed during transition boiling studies [19, 20] .
It can therefore be concluded that, while the size of the pool is smaller than the spray field, heat is transferred away from the heated surface by (i) the mixing of newly impinged, cold fluid with the heated pool, (ii) thin film evaporation due to droplet impingement and formation of secondary bubbles, (iii) the transport of heat across the pool of water by secondary bubbles and fluid turbulence, and (iv) coalescence of secondary bubble with the fewer primary bubbles found at the edge of the quench front. Similar results were obtained and is discussed elsewhere [21] [22] [23] .
Once the area of the pool on the surface of the quartz exceeds the area of the spray field, the motion of the quench front decelerates, until enough water accumulates that then forces the pool further outwards as the momentum of the pool increases proportionally to its volume. It is speculated that once this happens the quench front should behave very similarly to that experienced during jet impingement. With the quench front behaviour during jet impingement cooling being analogous to flow boiling situations, it can be expected to see an increase in the quench temperature. Figure 7a to Figure 7d shows a series of images taken of the development of the wetted region showing droplets bouncing off the surface due to impartial wetting, secondary bubbling, stagnation of secondary bubble at the quench front and the accumulation of water as the wetted region becomes larger than the spray field.
[ Figure 7 here ]
RESULTS
The results presented here concern the interpretation of the spatio-temporal distributions of the heat transfer coefficient with the purpose of determining the spatial distribution of the Leidenfrost temperature and the temperature at the initiation of the critical heat flux, T CHF . Such results are of particular interest because, in the first instance, these temperatures could be used to reconstruct the development of the quench front over the surface of the specimen, allowing direct comparison to the fields observed with the high-speed camera.
Similarly, the movement of the CHF front can be studied. To the best knowledge of the authors, full field (2D) studies of the decay of the CHF have not been reported for water sprays yet. One-dimensional measurements of the decay of the CHF wave due to jet impingement have previously been reported using thermocouples [6, 7, 9] .
To determine each salient value, e.g. T CHF or T MIN , Gaussian distributions were fitted to the boiling curve at the position of interest. This fitting approach is widely used in scientific practice, e.g. when residual elastic strains are computed by 'single peak fitting' of X-ray or neutron diffraction patterns [24] . In the present analysis, the function values of the boiling curve in the temperature domain of interest were subjected to a rotation in the h, T plane, after which a single Gaussian peak was fitted and the desired salient value was determined. Once the salient temperatures were established, heat fluxes corresponding to these temperatures were computed.
Spatial Distribution of the Critical and Minimum Heat Flux
Figure 8a is a surface plot of the magnitude of the heat transfer coefficient achieved during CHF. It is evident from the figure that a maximum value of CHF in the spray field is reached at the geometrical centre of the spray which decays towards the edges of the specimen. Before reaching the edge of the specimen, the magnitude of CHF is seen to increase. It is speculated here that this is a result of water accumulation on the edges of these specimens and will not necessarily be present when larger heater surfaces are used or when spraying occurs well within the heated domain.
[ Figure 8 here ] Figure 8b is a contour plot of T CHF indicating that the temperature at which CHF is reached within the spray field is not very dependent of the spray flux distribution. Figure 9a shows a contour plot of the spatial distribution of the minimum heat transfer coefficient. Comparatively little variation in the magnitude of the minimum heat transfer coefficient is evident. A contour plot of the Leidenfrost temperature reached on the specimen surface shown in Figure 9b indicates that the Leidenfrost temperature does vary more than the T CHF and may be proportional to the spray flux distribution.
[ Figure 9 here ] Figure 10a illustrates the quench front calculated for different time steps during the experiment in which each ring in the figure corresponds to a different time step. The quench front is seen to move radially outwards.
The Movement of the CHF Wave and the Quench Front
Indications of quench front oscillations are visible in the figure. Figure 10b shows a similar plot of the position of the CHF wave as it moves across the surface. The movement of CHF is clearly more structured than that of the quench front, as it sweeps across the surface in the form of concentric ellipses. In previous studies [9] , the movement of the CHF and quench front was further analysed to determine the so-called CHF and quench front velocity. In these studies differences in velocity were calculated for different materials. It was concluded that the velocities differ depending on the material. This is to be expected due to the difference in the thermal properties of the materials. Such results should in fact be presented in dimensionless form to include thermal scaling. Quench and CHF velocities are therefore not computed or presented in this paper.
The black rings in Figure 10b correspond to when the wetted region is still within the spray field and the blue corresponds to when the pool has moved outside of this field. In the former case a well structured development of the CHF is clearly noticeable.
[ Figure 10 here ]
DISCUSSION
Before comparing the results discussed so far, it is worth pointing out the following concerning the above analysis of the boiling curve resulting from a spray quenching. During the development of this work, greatest care was taken to reduce errors in the analysis in as far as possible. This was done specifically to decrease analytical uncertainties and was achieved by limiting convergence criteria of all numerical studies and optimisation schemes as specifically set out in the above discussions.
In these, and spray quench experiments done using different nozzle types it was found that the quench temperature never varied significantly from the Leidenfrost temperature. In quench experiments/processes this is significant because efficient heat exchange only occurs at temperatures below wall saturation temperature differences less than approximately 170 K. The significance of this becomes clearer when considering operations where high instantaneous heat flux removal is necessary for safety purposes e.g.
nuclear core cooling or fire extinguishing. It is also expected that the temperature at minimum heat flux of a spray would not be greatly influenced by sub-cooling as would be the case in bath quench operations where a difference in subcooling of 80 K could result in the initiation of surface wetting to span over up to 700 C which makes the analysis of bath quench operation so complex.
It should also be pointed out that is has been proposed that the magnitude of the CHF experienced during a spray operation is desirable for high heat flux removal operation such as in cooling of electronics though the very narrow heat flux domain between boiling incipience and minimum heat flux suggest that small shifts in component surface temperature would result in a dramatic decrease of heat flux in the cooling and in the heating direction. This could result either in over heating or significant cooling of the component which may lead to residual stress formation that could result in failure of brittle components such electronic chips.
It should finally be pointed out that the quench temperature experienced during jet impingement [25] is between that experienced by a water spray and a bath quench. It is therefore indeed possible to design a quench operations in such a manner that would result in favoured residual stress distributions (such as in the case of shot peeing for instance) and microstructural characteristics in the component with reduced distortion or dimensional changes. Figure 11 is included for comparison of the differences in the boiling heat flux behaviour of a spray and that experienced during a bath quench for water with 80 K subcooling. The boiling curve of the bath quench in the figure was constructed by evaluating the salient values using standard solutions found in the literature [26] [27] [28] [29] [30] .
In addition to the above general conclusions the following specific conclusions relating to this research can be drawn: Comparing the spray flux distribution (Figure 4a ) derived from the patternator results with the decay of the CHF on the aluminium specimen surface (Figure8a) suggests a strong correlation between these parameters. Inside the spray containment a monotonic decrease in the CHF is observed similar to that of the spray flux. The increase in the CHF outside the containment and the spray field suggests a change of heat transfer mechanism from that resulting from droplet interaction with the heated surface to one influenced by the fluid being forced (by momentum) causing flooding and stagnation of fluid at the specimen edges; hence the increase in the CHF towards the edge of the specimen. In contrast to the CHF and Leidenfrost temperature, the T CHF and minimum heat flux does not seem to be too affected by the spray field though some degree of proportionality does exist.
As expected the quench front is unstructured as shown in Figure 7 and Figure 10a being resulting from quench front oscillations as the material periodically cools and heats as heat is conducted in and out of the material at the front. Dry out of the quench front may result from secondary bubble being transported to the front due to the outward motion of the wetted region. Secondary bubbles were often noticed to become stagnant at the front until it is either punctured by impinging droplets or due to bubble growth.
[ Figure 11 here ]
The extreme heat removal during CHF causes a well structured propagation wave of the CHF moving radially towards the edges of the specimen in a series of concentric ellipses. The time dependent location of the CHF can further be interpreted to calculate CHF wave velocities but is not included in this discussion.
Understanding the spatial distribution and motion of the various salient values of the boiling curve during quench operations forms the basis of quench process modelling. Residual stress formation and warping is directly proportional to the rate of heat removal rate and the mechanism used to achieve this.
CONCLUSIONS
It can be concluded here that the spatial distribution of the CHF is directly proportional to the spray flux field, both decreasing monotonically away from the geometric centre of the spray. Little correlation between the spray flux, T CHF and minimum heat flux is evident. The movement of the quench front can be suitably calculated using a 3D inverse calculation by applying spatial temperature data, such as that contained in a thermograph, as Neumann boundary conditions. Similarities in quench front behaviour are noticed between the numerically predicted and high speed observation of the quench front particularly concerning the oscillatory motion of the front.
High speed imaging of the quench process suggest that the main heat transfer mechanisms in the wetted region are due to secondary bubbling and intense vortical fluid motion. Primary bubbling in what should be 'nucleate' boiling regime was not evident though this does not rule out the possibility of nucleate boiling being prominent under different surface conditions e.g. surface roughness and surface contamination. During these experiments it was observed that primary bubble growth was inhibited by the intense vortical fluid motion and coalescence of primary bubble with secondary ones transported from the inner regions of the wetted domain to the quench front. It is anticipated that heat is also removed by thin film evaporation as droplets impacts with the wetted region to form secondary bubbles or during secondary bubble puncturing at the quench front.
Understanding the heat transport phenomena occurring during quench operation will result in more realistic process analyses which have the advantage of enabling the accurate prediction of microstructural, dimensional and residual stress field characteristics of the quenched component.
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